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The periplasmic invertase was purified from Saceha* 
romyce* cerevisiae ochl;:LEU2 disruptant ceils (Aochl J , 
which have a defect in elongation of the outer chain 
attached to the JV-Hnked core oligosaccharides (N&- 
kayama, Nagasu, % Shimma, Y., Kuromatsu, J,, and 
Jigami, Y, (1992) EMBOJ. ll f 25U-2519), Structural anal- 
ysis of the pyridylaminated (PA) neutral oligosacchari- 
des released by hydrazinoiysis and AF-acetylation con- 
firmed that the ochl mutation causes a complete toss of 
the o>l,6*poly mannose outer chain, although the PA oli- 
gosaccharides <Man»GicNAc z -PA and ManioGlcNAc 2 - 
PA) r in which one or two of-!,34inked mannose(s) at- 
tached to the endoplasmic reticulumn (ER)*form core 
oligosaccharide (Man a GlcNAc 2 ) were also detected. 
Analysis of the Aochl mnnl strain oligosaccharides re- 
leased from total cell mannoprotein revealed that the 
Aockl mnnl mutant eliminates the a»l r 3-mannose at- 
tached to the core and accumulates predominantly a 
single EE-form oligosaccharide species (MangGlcNAcg), 
suggesting a potential use of this strain as a host cell to 
produce glycoproteins containing mammalian high 
mannose type oligosaccharides. The Aochl mnnl algB 
mutants accumulated Man s GicNAc& and Man g GlcNAc 2 
in total cell mannoprotein, confirming the lack of outer 
chain addition to the incomplete corelike oligosaccha- 
ride and the leaky phenotype of the algB mutation. All 
the results suggest that the OCH1 gene encodes an o»l,6- 
mannosyltransf erase that is functional in the initiation 
of a-l^O-polymannose outer chain addition to the 
AMinked core oligosaccharide (Man s GlcNAc 2 and 
MansGlcNAca) in yeast 


We have described new temperature-sensitive (ts) Saccharo- 
myces cerevisiae mutants, which exhibit a deficiency in man- 
nose outer chain addition of asparagine (W-linked oligosaccha- 
rides (IX The strains, designated ochl and och2 y were obtained 
by the [ 3 H]mannose suicide technique, and tbe ochl mutant 
showed a 2;2 cosegregation with regard to the glycosylation 
defect and ts growth phenotype. The size of external invertase 
of the ochl mutant was slightly larger than that of the seclS 
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mutant, which accumulates the ER-form core oligosaccharide 
(Man 8 G!cNAc 2 ) at the non-permissive temperature (2), but it 
was slightly smaller than that of mnn9 mutant, which contains 
two mannoses of outer chain attached to the core oligosaccha- 
ride (3), Cloning of the OCH1 gene, by complementation of ts 
growth phenotype, and subsequent characterization of the gene 
product demonstrated that the OCH1 gene encodes a novel 
membrane bound mannosyltransferase (4). The OCH1 protein- 
overproducing cells exhibited about 5-fold greater mannose 
transfer activity with the mannoprotein prepared from the g> 
ochl::LEU2 disruptant cells (Aochl) as an acceptor for the in § 
vitro mannose transfer reaction, while the smaller oligosaccha- g 
rides, such as a-methyl-mannoside, o>l,6-mannobiose, and §■ 
mannotetraose, used to measure conventional o>l,2- or o>l,6- 2; 
mannosyl transfer, were inactive. g 
Therefore, further studies on the structure of acceptor mol- g 
ecule for the OCHl protein-dependent mannose transfer are % 
required to elucidate the role of OCHl protein in outer chain 'W 
biosynthesis in yeast. Here we report the structures of JV-linked 0 
oligosaccharides of external invertase prepared from Aochl ^ 
cells and those of cell wall mannoprotein prepared from Aochl "< 
mnnl double mutant and from Aochl mnnl algS triple mutant. => 
The structural relationship indicated that the strains con- ^ 
taining the Aochl mutation completely lack the a-l,6-poiyman- §. 
nose outer chain attached to the core oligosaccharide ^ 
(Man s GlcNAc 2 ), not only in a specific glycoprotein, inver- ^ 
tase, but also more generally in cell wall mannoprotein. 8 
The accumulation of predominantly a single oligosaccharide, 
Man 8 GlcNAc2» due to the disappearance of cr-l,3-lmked man- 
nose addition, was also confirmed in the Aockl mnnl mutant. 
Together with previous results on the properties of the OCHl 
protein (4), the results reported herein indicate that the OCHl 
gene encodes a membrane-bound a-l^mannosyltransferase 
that is functional in the initiation of the polymannose outer 
chain addition to the iVMinked core oligosaccharide, 

EXPERIMENTAL PROCEDUKES 
Strains and Media 

& cerevisiae strain EHA-1C (MATa leu2-3 teu2~n2pep4-3)h&8 been 
described in a previous paper (1). 5. cerevisiae YS52-I-1B, in which the 
OCHl gene is disrupted by LEV2 has been described previously <4). & 
cerevisiae YS57-5A {MATa ochl::LEU2 leu2 ura3 hisl his3), YS57-5C 
{MATa ockl::lBU2 teu2 ura3 trpl hisl his3)> and Y357-2C {MATa 
achl:;LEV2 leu2 uraS trpl hisl his3) were constructed by the standard 
genetic methods (5) as described (4). & cerevisiae LB1-10B (MAXu 
mnnl ) (6) was obtained from the Yeast Genetic Stock Center, University 
of California, Berkeley. S. cerevisiae LB347-1C {MATa mnn9) (7), was 
provided by Dr, W. Tanner (University of Begensburg, Germany). S, 
cerevisiae PHY90 {MAHh algZ-l adefrlOl ura3-S2) (8) was provided by 
Dr, E W, Robbins, Massachusetts Institute of Technology Cells were 
grown in YPD medium (2% Bacto-peptone, 1% yeast extract, 2% glu- 
cose), supplemented with 0.3 m sorbitol as an osmotic stabler. 


26338 


ochl, ochl mnnl, and ochl mnnl alg3 Yeast Oligosaccharides 


26339 


Purification oflnvertase 

YS52-MB {Aochl) was grown in a 5-liter jar fermenter containing 3 
liters of medium (YPD + 0.3 m sorbitol) at 25 °C. When glucose was 
exhausted by the cells, 0.5% sucrose was added to de-repress the in- 
vertase gene expression. The cells were incubated for an additional 4 h 
and then harvested by centrifugation, Invertase activity was assayed at 
30 °C by measuring the rate of glucose released from sucrose with 
Glucose ClX-Test Wako (Wako Chemical Co., Osaka, Japan) in sodium 
acetate buffer <pH 5.0) according to the suppliers manual. 

External (periplasmic) invertase was purified by Neumann and Lam- 
pen (9) with some modifications. All operations were done at 4 °C, The 
cells obtained from 12-liter cultures were suspended in 10 ma* potas- 
sium phosphate buffer (pH 6.5) (buffer A) containing 1 mM phenylmeth- 
ylsulfonyl fluoride and broken in a French pressure cell press (SLM y 
Aminco) at 12,000 p.si. T and the homogenates were centrifuged to re- 
move the cell debris. Streptomycin sulfate (1% final) was added to 
remove nucleic acids. Ammonium sulfate was then added to the super- 
natant until 75% saturation to precipitate nonglycosylated internal 
invertase and most of the contaminating proteins, After centrifugation, 
the supernatant was dialyxed against the buffer A. Ten grams of DEAE^ 
Sephadex A-50 resin, preequilibrated with buffer A, was added to the 
dialyBate. After the invertase activity remaining in solution was re- 
duced to less than 10% of the initial, the liquid was removed, and the 
resin was packed in a column (2.6 x 35 cm) and washed with two 
volumes of the same buffer containing 0.1 m NaCl. External glyco- 
sylated invertase was then etuted with the buffer containing 0.2 m NaCl, 
and the fractions containing enzyme activity were pooled and dialyzed 
against deionized water. The dialysate was lyophilized, dissolved in 
deionized water, and applied to a Sephadex O200SF column {2.0 x 95 
cm) equilibrated with buffer A containing 0.2 m NaCl The column was 
eluted with the same buffer, and the invertase-containing fractions 
were pooled and lyophiiized. The sample thus obtained gave a discrete 
protein band on SDS-PAGE 1 (10) using a 4-20% gradient gel (SDS- 
PAGE Plate 4/20, 10 cm x 10 cm, Daiichi Pure Chemicals, Tokyo, Japan) 
by Coomassie Brilliant Blue staining. Table I summarizes the purifica- 
tion of external invertase from Aochl cells (YS52-MB strain) obtained 
from a 12*liter culture. The yield of purified glycosylated invertase was 
2 mg from 180 g of wet cells. The above process was repeated four times 
to obtain sufficient invertase to analyze its oligosaccharide structure. 

Hydrazinolysis and N-Acetylation 

About 8 mg of purified external invertase, isolated from Aochl cells 
according to the above procedure, was subjected to hydrazinolysis to 
release W-linked oligosaccharides (13, 14), using a gas-phase hydrazi- 
nolysis apparatus (Hydraclub S-204, Honen Oil Co., Tokyo, Japan). The 
glycoprotein samples (0.5 mg/vial) were treated for 60 min at 110 °C, 
After hydrazinolysis, the oligosaccharides were N-acetylated at room 
temperature for 30 min by adding 250 ul of 0.2 m ammonium acetate 
and 25 pi of acetic anhydride, and this process was repeated once to 
complete the reaction. 

Preparation of Mannoprotein 

Cells were cultivated in YPD-sorbitol medium at 25 °C (YN3-1D, 
Aochl mnnl ) or at 28 °C (YN5-2C, Aochl mnnl alg3) and harvested at 
early stationary phase. Mannoproteins were obtained by hot citrate 
buffer extraction followed by precipitation with ethanol (15), The pre- 
cipitates were further purified by a concanavalin A-agarose column ( 1*0 
x 10 cm), which waB equilibrated with Tris-HCl buffer (pH 7.3) contain- 
ing 0.2 m NaCl, 1 mw AfnClg, and 1 mM CaCl a . The column was eluted 
by 0,1 m NaCl solution containing 0.1 m af-methyl-n-mannnoside. Since 
the elution profile was not changed by using 0.2 M «*methyl-D-mannno- 
side, we used 0.1m concentration for the elution. The mannoprotein 
fraction was dialyzed and lyophiliaed. 

Glycopeptidase A Digestion 

Glycopeptidaee A from sweet almond (Seikagaku Kogyo Co., Tokyo, 
Japan) is specific for release of blinked oligosaccharides from glyco- 
protein or glycopeptide (16), whereas hydrazinolysis releases both N- 
and O-linked oligosaccharides from a glycoprotein (17). When the oli- 
gosaccharides released from cell wall mannoprotein by hydrazinolysis 
were analyzed on HPLC after fluorescence labeling, several extra by- 
products were observed, which were probably formed from the O-linked 


1 The abbreviations used are: PAGE, polyacrylamide gel electropho- 
resis; HPLC, high performance liquid chromatography; FAB-MS, fast 
atom bombardment mass spectroscopy. 


Table I 

Purification of the external invertase synthesized by 
Aochl cells at 2$ «C 
One unit is defined as the enzyme activity that produces 1 umol of 
glucose from sucrose for 1 min at 30 °C at pH 5,0, 


Step 

Tbtal 
protein ° 

Total 
activity 

Specific 
activity 

Recovery 


mg 

units x tGP 

units fmg 

% 

1, Crude cell extract 

5,600 

76.5 

13 

100 

2. Streptomycin sulfate 

4,200 

66.5 

16 

87 

3. Ammonium sulfate 

150 

57.6 

384 

78 

4. DEAE-Sephadex 

9 

33.3 

3,700 

44 

5. Sephadex G-200SF 

4.5 

20.6 

4,560 

27 


a Protein was determined according to Bradford (11) using bovine 
serum albumin as a standard for steps 1-4, Protein concentration for 
step 5 was determined from the absorbance at 280 nm {efg™ = 22.5) 
(12), 


oligosaccharides by the chemical reaction (hydrazinolysis), because 
these by-products disappeared in samples from glycopeptidase A diges- 
tion. Hence, we used glycopeptidase A to release the N-Mnked oligosac- 
charides from total cell mannoprotein. len milliunite of glycopeptidase 
A was dissolved in 500 ul of 0.1 m sodium acetate buffer {pH 5.0), Each 
3 ul of the above enzyme solution was added to samples containing 1 mg 
of mannoprotein in 10 ul of the same buffer. The mixture was incubated 
for 18 h at 37 °C, and the reaction was stopped by boiling for 5 min and 
centrifuged to remove insoluble material. 

Pyridylamination 

The oligosaccharides released from proteins, either by hydrazinolysis 
or by glycopeptidase A, were labeled with 2-aminopyridine to facilitate 
the sensitive detection by fluorescence (18, 19). Pyridylamination was 
carried out by uBing the commercially available reagent kit (Takara 
Shuzo Co,, Kyoto, Japan). The pyridylaminated derivatives (PA oligo- 
saccharides) were loaded on a Tbyopearl HW-40P column (1.0 x 40 cm) 
(Tbsoh Co., Tokyo, Japan), which was prewashed with 10 him ammo- 
nium acetate buffer (pH 7.0), and eluted with the same buffer to remove 
residual 2-aminopyridine. PA oligosaccharides were detected by fluo- 
rescence (excitation wave length (Ex) * 320 nm, emission wave length 
(Em) = 400 nm). 

High Performance Liquid Chromatography (HPLC) 

Hie separation of PA oligosaccharides was carried out by HPLC using 
a Shimadzu LC-6Achromatograph system equipped with a fluorescence 
spectromonitor RF-530. 

Anion Exchange HPLC— Since some of blinked oligosaccharides on 
invertase are phosphorylaied in S, cerevisiue (20), anion exchange Cos- 
mogel QA column (0.8 x 7.5 cm) (Nakarai Tesque, Kyoto, Japan) was 
used to separate neutral oligosaccharides from the phosphorylated 
ones. The column was previously equilibrated with 10 mM ammonium 
acetate buffer (pH 8.0) at a flow rate of 0.5 ml/min. At 20 min after a 
sample injection, the buffer concentration was increased linearly up to 
45 mw for 15 min. The neutral oligosaccharide fractions were eluted 
within 17 min after the sample injection and pooled for further analysis- 
PA oligosaccharides were detected by fluorescence (Ex = 310 nm and Em 
- 380 nm). 

Size-fractionation HPLC— The retention time of oligosaccharide 
largely depends on the number of sugar residues in the amine-modified 
column chromatography (21). Size-fractionation HPLC was performed 
with Asahipak NH2P-50 (0.46 x 25 cm) (Asahi Chemical Co., Tokyo, 
Japan) at a flow rate of LO mi/min T Two solvents, A and B, were used. 
Solvent A was composed of 200 xm acetic acid adjusted with triethyl* 
amine (pH 7.3) and acetonitrile (35:65, v/v). Solvent B was composed of 
200 mM acetic acid adjusted with triethylamine (pH 7.3) and acetonitrile 
(50:50, v/v). The column was equilibrated with solvent A. After the 
sample injection, the proportion of solvent B was increased linearly up 
to 100% for 50 min. PA oligosaccharides were detected by fluorescence 
(Ex » 310 nm and Em ■ 380 nm). 

Reverse-phase HPLC— The reverse-phase HPLC was performed with 
Cosmosil 5C18-P (0.40 x 15 cm) (Nakarai Tesque) at a flow rate of 1.0 
inl/min. Two solvents, C and D, were used. Solvent C was 10 mM sodium 
phosphate buffer (pH 3.8), and solvent D was 10 him sodium phosphate 
buffer (pH 3.8) containing 0.1% 1-butanol. The column wsb equilibrated 
with a mixture of solvent C and D (95:5, v/v). At 10 min after the sample 
injection, the ratio of solvent D was increased linearly up to 100% for 90 
min. Samples were detected by fluorescence (Ex » 320 nm and Em = 400 
nm). 


26340 


ockl, ochl mnnl, arid ockl mnnl algS Yeast Oligosaccharides 


«- l,2~Mann0$ida$e Digestion 

One microunit of o>l,2-mannosidase (from Aspergillus saitoi) (22) 
and 10 pmol of PA oligosaccharide were dissolved in 20 ul of 0,1 m 
sodium acetate buffer (pH 5.0). The reaction mixture was incubated for 
18 h at 37 "C and then boiled to stop the reaction. After centrifugatloo, 
the supernatant was subjected to HPLC as described previously. 

Partial Acetirtysis 

Partial autolysis of PA oligosaccharide (2d) was carried out to release 
tt-l$«linked m&nnoiae specifically. A 5-nmol sample of PA oligosaccha- 
ride was peracetyiaieu with a mixture (40 pi) of acetic anhydride and 
pyridine at 100 *C for 15 min in a scaled glass tube. After removing 
excess reagent by evaporation* 20 pi of a mixture containing acetic 
anhydride-acetic acid-suifuric acid (10:10:1) was added. The tube was 
resealed and incubated at 37 n C for 15 h. Four microliters of pyridine 
was added, and the solution was dried by evaporation. Then OA ml of 
saturated sodium bicarbonate solution was added to the residue, and 
the products were extracted five times with 0-3 ml each of chloroform. 
After evaporation of the combined chloroform extract, the sample was 
subjected to hydr&ainolysis and jY-acetytatfon as described, and the PA 
oligosaccharide sample was analyzed by HPLC. 

FAB-MS 

Fast atom bombardment mass spectroscopy (FAB-MS) was carried 
out using a JMS-HX1IG mass spectrometer (J£OL Co., Tokyo, Japan) 
equipped with an FAB ion source operated with xenon at 10 kV of 
accelerating voltage. The matrix used was a mixture of nifcrobcn&yl 
alcohol and glycerol (6:4), Samples (1-2 ng of PA oligosaccharide) were 
desalted by HPLC using either an Asahipak NH2P-50 (0.46 x 25 cm) or 
a Tosoh TSKgel Amide-80 column iO,4G x 25 cm) at a flow rate of 0.5 
ital/mio with a mixture of acetomtrile and water (1:1.1 

High Resolution 'HNMR 

% ll NMR spectra of PA oligosaccharide were measured on a JNM* 
GX400 (JBOL Co.) at 50 *C. Samples (50-200 ug, except for 18 pg of 
authentic ManaGIcNAivPA) were dissolved in 99$6$> D 2 0 and lyophi- 
Iteed, After three repetitions of the above procedure, the samples were 
finally dissolved in 500 pi of 99.996% D3O. The chemical shifts (ft) are 
expressed in parts/million (ppm) downfleld from internal sodium 4 F 4- 
diuiethyl-4-sjlapentane-l-sulforiate, but they were actually measured 
by reference to internal acetone (£ 2,217 ppm). Authentic PA oligosac- 
charides were purchased from Tak&ra Shuzo Co. 

Doubh and Triple Mutant Preparation 

Double and triple mutants were constructed by sporulating the ap- 
propriate heterozygous diploids and isolating the haploM mutant clones 
after tetrad dissection (o). In cross between and LBM0B, the 

sporulation ratio was about 10%, and ihe segregant carrying the ochl 
mutation was not obtained. Thus, among them, YN1-2SA and YN1-28B, 
the haploid clones carrying mnnl mutation were selected by the West- 
ern blot analysis using antS-or- 1,3 -mawmn antibody (kindly supplied by 
IV. R k Schekman, University of California, Berkeley) and these strains 
were crossed to the following &ock I strains. Two strains, YN1J-1B and 
YN4-18A, carrying Aochl mnnl double mutation, were obtained from 
the crosses between YN1-28A and Y357-5A. and between Y.N1-2BB and 
YSG7-2C, respectively. Three Aoch I <tlg3 double mutants, designated 
YN2-12A* TN2-14A and YN2-15C, were isolated from the cross between 
PRY&0 and YS57-2C, The sssse of invertase from each clone was ana^ 
lyxed on SD3-PAG& (10) using 4-2Qft gradient gel (8D&PAGE Plate 
4/20, 10 cm x 10 cm, Daiichi Pure Chemicals) by Western blotting (4) 
using anti-invertase polyclonal rabbit antibody. The phenotypes of 
Aochl mnn l and bavhl algS mutants were confirmed by analysing the 
length of oligosaccharides released from cell wall mannoprotein by gty- 
copeptidase A on size-fraetionation HPLC. The Aochl mnn I atgS triple 
mutant, YN£-2C> was constructed by the cross between YN3-1B CAodW 
mnnl) and YN2-12A (Aochl alg& ). The phenotype was confirmed by 
comparing the invertase swe with those from each double mutant by 
Western blotting. 

RESULTS 

Comparison of Invertase Mobility between the Mutants Fig. 

1 shows the electrophoretic patterns of external invertases. The 
Aochl cells gave a few bands at a faster migration position than 
the wild type cells, indicating a deficiency of poiymannose outer 
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Fio* L Comparison of electrophoretie mobility of fexternal in- 
verlases on SDS-PAGE (10) using 4-20% gradient jgel between 
the mutants EHA-1C (wild, t), ¥S$2-1-1B (Aochl) (2), YKS-1D 
ibvchl mnnl) <£), (algS) (4), (AwhX <tl#$) (5), 

and TSmC (tochi mnnl algS) 

chain, The invertase from Aochl mnnl double mutant showed 
a few discrete bands at a smaller size than that from Aochl 
cells (Fig. 1, lanes 2 and 3). As demonstrated for the mnnl 
mnn2 mnnB triple mutant (24), each ladder band in bachl 
mnn! coils reflects the number of sugar chains attached to 
invertase protein, which has Id potential /V-glycosylation sites 
in wild type 8, cerevisiae. (25). The invertase from algS cells 
gave a broad smear (Fig, 1, lane 4\ the migration range of 
which is similar to that of wild type cells, indicating an addition 
of polymannoee outer chain. The mobility of invertase from 
korM algS double mutant cells is slightly faster than that from 
tSoekl cells (Fig, 1, laim % and 6\ suggesting a shorter oligo- 
saccharide length in £&chl algS cells than in Aochl cells. Fur- 
thermore, the Aochl mnnl algS triple mutants produced a stiO 
smaller invertase molecule (Fig- I, lanes 3> 8> and S) as a result 
of accumulation of three independent mutations that affect 
AMinked oligosaccharide biosynthesis, 

N-linked Neutral Oligosaccharide length— The she of AT- 
Hnked neutral oligosaccharides released by hydrazmolysis 
from the external invertase of Aochl cells was analyzed by 
Bize-fractionation HPLC, The PA oligosaccharides were sepa- 
rated into three major peaks (peaks IS) with some other mi- 
nor peaks (Fig. 2A). The elation thne of peak 1 (2L8 min) is 
identical to that of authentic Man 8 .GkNAc 2 -PA (PA Sugar 
Chain 019, Takara ). Judging from the elution time of PA glu- 
cose oligomers (Honen Oil Co.), peaks 2 (25.1 min) and 3 (28,3 
min) were estimated to correspond to Man^GIcNAcy^PA and 
Man 10 OlcNAe a -PA, respectively, The Aochl cells cultivated at 
the permissive temperature (2o °C) completely lacked the 
larger oligosaccharides that were observed in invertase from 
baker's yeast and from the och 1 is mutant under the permissive 
temperature (1), 

The PA oligosaccharides released by glycopeptidase A from 
the cell wall mannoprotein of Aochl cells showed a similar 
elution pattern on size fractionation HPLC, except for some 
minor peaks at 60-60 min (data not shown)- Since the minor 
peaks were not observed in the PA oligosaccharide from exter- 
nal invertase of Aochl cells, but were seen in the total manno- 
protein from the mnnB mutant, these minor products may be 
derived from mannoprotein during the high temperature ex- 
traction of cell wall material 

The oligosaccharide from Aochl mnnl double mutant man- 
noprotein contained predominantly a single species, corre- 
sponding to Man 8 GlcNAc r PA (Fig> 2B i peak 4\ suggesting the 
loss of ft~l,3-mannose addition due to the mnnl mutation. A 
minor component (10% of Man 8 01cKAc 2 -PA) was observed at 
the elation time of 24.2-25,5 min, which corresponds to that of 
Ma&sGkNAcsrPA (see '"Discussion*). 

The elution pattern of PA oligosaccharide from Aochl mnnl 
atgS triple mutant mannoprotein (Fig. 2C) reveals two major 
peaks (peaks 5 and 6), Judging from the elution time of PA 
glucose oligomers, peak 5 (12.3 min) corresponds to 
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Flo. 2, Elation profile on siate fractionation HPIX of PA oligo- 
saccharides released from YS52-1-1B (Sochi) fovertase by hy* 
drazinolysis (A) t YN3-1D (AochJ mnnl) maanoprotein by glyco- 
peptidas* A digestion <B) t and YN5*2€ (bochl mnnl aig$) 
mannoprotein by glycopeptidase A digestion (C), Each sample is 
about 500 pmol. The elution times of authentic FA glucose oligomers are 
indicated by arrows, 

ManeGlcNAc^PA and peak 6 (21.8 min) corresponds to 
Man 8 GlcNAc a -PA. Most of these two peaks disappeared in alg$ 
mutant cells, suggesting outer chain addition in the alg3 single 
mutant (data not shown). 

Oligosaccharide Structure of Invertase from kochl Cells 
— Each PA oligosaccharide fraction corresponding to peaks 1-3 
in Fig, 2A from bochl cells was collected individually and ana- 
lyzed on reverse-phase HPLC to examine its purity. Each 
showed a single peak on reverse-phase HPLC, suggesting a 
single component (data not shown). The elution time of compo- 
nent 1 (31.6 min) was in accordance with that of the authentic 
ER-form Man 8 GlcNAc 2 -PA sample (PA Sugar Chain 019, 
Takara). Components 1-3 were analyzed by positive ion 
FAB-MS to give positive molecular ion peaks at mfz 1,800, 
1,962, and 2,123, respectively, which is consistent with the 
molecular mass of Man 8 GlcNAc 2 -PA (calculated 1,798,7), 
Man 9 GlcNAc 2 ~PA (calculated 1,960,7), and Man 10 GlcNAc 2 ~PA 
(calculated 2,122,8), respectively. These data confirmed the for- 
mation of PA derivatives and the estimation of each oligosac- 
charide length based on the elution time on HPLC. 

a-l,2-Mannosidase removes only terminal a-l,2-lmked man- 
nose, and the size of each PA oligosaccharide component was 
analyzed on size-fractionation HPLC after the enzyme diges- 
tion. Component 1 was shifted from M8 (ManaGlcNAc^-PA) 
position to M5 position, the elution time of which is consistent 
with that of authentic MansGlcNAcg-PA (PA Sugar Chain 017, 
lakara); component 2 was shifted from M9 position to M8 po- 
sition; the elution time of component 3 was not shifted. The 
molecular mass of each digestion product was confirmed by 
FAB-MS. The M5 product derived from the M8 sample showed 


a protonated molecular ion at mfz * 1,313, and the M8 product 
from the M9 sample showed a protonated molecular ion at mfz 
= 1,800, indicating the structure of Man a GlcNAc 2 -PA (calcu- 
lated 1,312,5) and Man 8 GlcNAc 2 -PA (calculated 1,798.7), re- 
spectively. These data were in accordance with the estimated 
structure of the component 1 as an ER-form core PA oligosac- 
charide. Based on the structure of component 1 component 2 
was estimated to be a Man 9 GlcNAc 2 -PA in which one mannose 
residue, not connected by a- 1,2 linkage, is attached to the 
Man 8 GlcNAc r PA core oligosaccharide at the mannose of posi- 
tion 11 in Fig. 3A. In addition, component 3 was estimated as 
Man 10 GteNAc 2 ~PAm which one additional mannose is attached 
to the above Man 9 GlcNAc 2 -PA component at the mannose of 
position 9 in Fig. 3A. 

The NMR spectrum for authentic MangGlcNA^-PA (ER- 
form core PA oligosaccharide, PA Sugar Chain 019, Takara) 
and those for Man 6 GlcNAc2-PA, ManpGlcNAcrPA, and 
Man l0 GlcNAc 2 -PA samples from invertase of bochl cells are 
shown in Fig, 3 {panels A-D, respectively). Chemical shifts (5, 
ppm) for CI and C2 protons are summarized in Table II, and 
linkage assignments (Fig, 3 and Table I!) were based on the 
reported chemical shifts (26, 27). The spectrum for the 
Man 6 GlcNAc r PA sample from kochl cells (Fig, 3B) is identical 
to that for the authentic ER-form Man 8 GicNAc 2 -PA (Fig. 3A), 
In the spectrum of the Man d GlcNAc 2 -PA sample, one additional 
Cl-H signal was observed at 5.14 ppm, which is characteristic 
for the anomeric proton of the unsubstituted o>l,3-linked man- 
nose (Fig, 3C). The signal at 5,14 ppm was doubled in intensity 
in the spectrum for the Man 10 GlcNAc2-PA sample, indicating 
the attachment of one additional a-l,3-linked mannose residue 
to the Man«?GlcNAc 2 -PA structure. Since the a-l,2-mannosi- 
dase digestion of Man 9 GkNAc2~PA yielded Man 8 GlcNAc 2 ~PA, 
this a-1,3 linkage must be the mannose at position 11 in Fig. 
3A, confirming the structure of Man 9 GlcNAc 2 ~PA as shown in 
Fig. 3C. Considering the resistance of the Man 10 GlcNAc 2 -PA 
sample to or-l,2-mannosidase digestion, the oligosaccharide can 
be assigned the structure shown in Fig. 3D. The oligosaccha- 
ride structures shown in Fig. 3 ( panels A~D) are in good agree- 
ment with the chemical shifts assigned in Table II, 

Oligosaccharide Structure of Mannoproteins from Aockl 
mnnl Double Mutant— The major PA oligosaccharide obtained 
from hochl mnnl cells on size-fractionation HPLC {peak 4 in 
Fig. 2B) showed a single peak on reverse-phase HPLC, desig- 
nated as component 4 (data not shown). The elution time of this 
component 4 was identical to that of authentic 
ManeGlcNAc^PA and the molecular mass was confirmed by 
FAB-MS, which gave mfz 1,800, as estimated for 
Man e GlcNAc 2 -PA (calculated 1,798,7), After a-l,2-mannosi- 
dase digestion of component 4, the peak was shifted from M8 to 
M5 position on size fractionation HPLC. The NMR spectrum of 
this component 4 (Fig, 3E and Table II) was identical to that of 
authentic MansGlcNAc 2 -PA (Fig. 3A ). From these data, we con- 
clude that the Aochl mnnl cells predominantly produced the 
ER-form Man 8 GlcNAc 2 as a neutral oligosaccharide. 

Oligosaccharide Structure of Mannoproteins from Aoc/*2 
mnnl alg3 Triple Mutant— Each PA oligosaccharide fraction, 
corresponding to peaks 5 and 6 in Fig. 2C, from Aoc/tl mnnl 
alg3 mutant cells showed a single peak on reverse-phase HPLC 
(components 5 and 6, respectively). The elution time on re- 
verse-phase HPLC of component 6 was same as that of the 
authentic ER form of Man 8 GlcNAc2-PA. The ratio of compo- 
nents 5 and 6 was 1:1,4. It is reported that the alg3 seel 8 
mutant produced external invertase containing Man 5 GlcNAc 2 
and Man 8 GlcNAc 2 iV-Iinked oligosaccharides after the tem- 
perature shift {28). In accordance with the reported oligosac- 
charide structure of alg3 seclS (28), we assumed that compo- 
nent 5 produced by Aochl mnnl alg3 mutant cells must be the 
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Fig, 3. Comparison of the 400 MBz l H NMR spectra for purified neutral PA oligosaccharide fractious from Aockt invertase < 
and from AocAl mnnl mannoprotein (Eh A, authentic ER-form core PA oligosaccharide, MansGIcNAca-PA, and PA oligosaccharide purified 
from the following: B, peak 1 in Fig. 2A; C, peak 2 in Pig. 2A; Z?, peak 3 in Pig. 2A; E, peak 4 in Fig. 2S. Ajj signals in spectrum B are identical 
to those in spectrum A, whereas C and D have an additional anomeric proton signal at 6 6.14 equivalent to one and two protons, respectively, that 
is characteristic of the unsubstituted a-l,3-lmked mannose. 


MansGlcNAc 2 -PA shown in Fig. 4A, and component 6 may be 
the EE-form Man e GlcNAc 2 -PA shown in Fig. 3A lb confirm 
these structures, components 5 and 6 were subjected to ct-1,2- 
mannosidase digestion and partial acetolysis. After a-l,2-man- 
noaidase digestion, the component 5 peak was shifted from the 
MB position {12.0 min) to the M3 position (7.2 min) (Fig. 4, A 
and B) on size-fractionation HPLC. The molecular masses of 
component 5 (M5) and enzyme digestion product (M3) were 
confirmed by FAB-MS, which gave m/z 1,313, as estimated for 
Man B GlcNAc 2 -PA (calculated 1,312.5), and m/z 989, estimated 
for Man 3 GlcNAc2-PA (calculated 988.4), respectively. After par- 


tial acetolysis, which specifically removes a-l,6-linked man- 
nose residues, the peak of component 5 (12.0 min) was shifted 
to the M4 position (9,4 min) (Fig, 4, C and /)). This M4 product 
showed a protonated molecular ion at m/z = 1,152, indicating 
the formation of Man^GlcNAc^PA (calculated 1,150.4). These 
data confirmed the structure of component 5 as the 
Man^GlcNAc^PA shown in Fig. 4A. In contrast, component 6 
was shifted from the M8 position (21.5 min) to the M5 position 
(12,0 min) after o>l t 2-mannosidase digestion, and from the M8 
position (21.5 min) to the M4 position (9.4 min) after partial 
acetolysis (data not shown). The molecular mass of M5 product 
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Table II 

*H NMR chemical shifts of authentic ER-form core oligosaccharide (Man^leNAc^-PA) and PA oligosaccharides obtained from bochl mnnl cells 


Residue 

Authentic M8 

bockl M8 


A/vA T M1fi 
llCH'tll If i 1 U 

Anrh 1 ntnn J Mfl 

Shift Intensity 

Shift Irttenaity 

Shift 

ill M# lie! I y 

Shift Intensity 

Shift Iaten&ity 


ppm 

PP171 

ppm 


ppm 

ppm 

V> i- a I 







O 


4.753 1 

4.755 

1 

4.753 1 

4.753 1 

4 

4,863 1 

4.867 1 

4.867 


4.863 1 

4.863 1 

5 

5,323 1 

5.322 1 

5.328 

1 

5.324 1 

5.322 1 

a 

V 

fx UK 1 

5.120 1 

5.118 


5,116 1 

5118 1 

7 

5.091 1 

5.094 1 

5.096 

I 

5.091 1 

5.092 1 

8 

5.283 1 

5.283 1 

5,283 

1 

5,279 1 

5.283 1 

q 

5,039 1 

5.043 1 

5.038 

1 

5.030 1 

6.043 1 

11 

5.039 1 

5.043 1 

5.038 


5.030 1 

5,043 1 

A 





5.141 1 


B 
*j 



5.140 

1 

5,141 1 


C2-H* 






4.200 

Q 

4,195 

4.199 

4.205 


4.205 

4 

4131 

4,131 

4.132 


4,130 

4.131 

5 

4.092 

4.092 

4.095 


4.095 

4.092 

6 

4,005 

4.010 

4.009 


4.012 

4.008 

7 

4.060 

4.059 

4,060 


4.061 

4.059 

8 

4,092 

4.092 

4.092 


4.095 

4-092 

9 

4.060 

4.059 

4.060 


4.205 

4.059 

11 

4,060 

4.059 

4.205 


4.205 

4,059 

A 





4.061 


B 



4.060 


4.061 



* Intensities for individual signals of C2-H could not be calculated due to the overlap of signals. 
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Fig. 4. Elution profile on size fractionation HPLC of PA oligo- 
saccharides released from Aochl mnnl algS mannoprotein. A 

and C, component 5 corresponding to peak 5 in Fig. 2C; B y after cr-1,2- 
mannosidase digestion; D t after partial acetolyBis, 

from M8 sample after a-l,2-mannosidase digestion and that of 
M4 product from M8 sample after partial acetolysis were also 
confirmed by FAB-MS (data not shown), demonstrating the ER 
form of Man 8 GlcNAc 2 -PA (Fig, BA) as component 6 (Fig. 2C). 

DISCUSSION 

We have determined the structures of the iV-linked neutral 
oligosaccharides attached to invertase in bochl cells, as well as 
those of the neutral oligosaccharides attached to total manno- 
protein from Aochl mnnl and Aockl mnnl alg3 mutants. The 
results demonstrate that the OCH1 gene disruption leads to 
loss of function to add the a-l,6-polymannose outer chain to the 
EE-form core oligosaccharide. Previously (4), we reported that 
the OCHl gene encodes a novel membrane-bound mannosyl- 
transferase that transfers mannose from GDP-t I4 C]mannose to 
the oligosaccharide isolated from mannoprotein from Aochl 
cells. At that time, we assumed that the OCH1 protein might be 


functional not in the initiation of a-l,6-polymannose addition to 
Man 8 GlcNAc 2 , but rather in the elongation of outer chain from 
Ma%GlcNAc2, a conclusion that was based on the accumula- 
tion of a major PA oligosaccharide corresponding to 
Man^GlcNAca-PA and the lack of mannose transfer to the 
tt Man 8 GkNAc* in an in vitro reaction (4). The present results, 
however, are not consistent with the previous assumption, be- 
cause all of the oligosaccharides identified in Aochl cells lack 
a-l,6-mannose attached to the Man 8 GlcNAc 2 core oligosaccha- 
ride. Therefore, we have examined whether the OCH1 protein 
can use Man 8 GlcNAc2-PA and Man 9 GlcNAc 2 -PA as mannose 
acceptors. The microsomal membrane fraction prepared from 
OCH1 protein-overproducing cells was found to transfer man- 
nose efficiently to Man$GlcNAcj2-PA to form Man & GlcNAc 2 -PA 
and to Man 9 GIcNAc 2 -PA to form Man 10 GkNAc 2 -PA, and this in 
vitro reaction was diminished in the membrane fraction from 
bockl cells. 2 In addition, in the previous study (4), we used 
Man$GlcNAcOH (octamannosyl-AT-acetylglucosaminitol) as ac- 
ceptor, which was incorrectly called Man 8 GlcNAc (octamanno- 
syl-N-acetylglucosamine). Now, we have confirmed that 
Man 6 GlcNAcOH does not serve as an acceptor for the OCH1 
protein-dependent mannose transfer reaction, whereas 
Man 8 GlcNAc does. Accordingly, it now becomes clear that the 
OCHl gene encodes an o>l,6-mannosyltransferase that is func- 
tional in the initiation of mannose outer chain addition to the 
EE-form core oligosaccharide, as shown in Fig. 5, Romero and 
Herscovics (29, 30) reported the purification and characteriza- 
tion of a-l,€-mannosyltransferase, which is certain to be the 
same enzyme encoded by OCHl gene. Although we cannot ex- 
clude the possibility that the OCHl protein may also function 
in the subsequent elongation to form a polymannose outer 
chain, this seems unlikely because reaction products larger 
than one mannose addition were not observed in our in vitro 
mannose transfer experiments even with a prolonged incuba- 
tion period, 2 

Addition of or-l,3-mannose is known to occur with the core- 
like oligosaccharide to which mannobiose (Man-ol, 2-Man-o> 
1,6-) is added to the ER-form oligosaccharide (compound E in 
Fig. 5), in wild type invertase (26), carboxypeptidase Y(31), and 

2 K, Nakayama, Y, Nakarashi-Shindo, and Y. Jigami, manuscript in 
preparation, 
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by the ochl and mnnl mutations, 


mnn9 mannoproteins (32) to form compounds F and G in Fig. 5, 
It is noteworthy that the a-l T 3-mannose addition to the core 
oligosaccharide occurs even in the absence of this mannobiose 
unit (see compounds B and C in Fig. 5), The first o>l,3-mannose 
addition occurs at the terminus of the of-l,3-linked mannotriose 
branch (position 11 of compound A in Fig. 5), and the subse- 
quent o>l,3~mannose addition occurs at the end of a-l,6-Hnked 
mannotetraose branch (position 9 of compound A in Fig. 5), 
which is consistent with the previous results for the oligosac- 
charides from both wild type and mnn2 mnn.9 mannoproteins 
(26, 32), This order of o>l,3-mannose addition to the core oli- 
gosaccharide may suggest the higher affinity of a-l,3-mannos- 
yltransferase encoded by MNN1 gene (33) to add the mannose 
at position 11 of compound A in Fig. 5 rather than at position 9 
of compound A in Fig. 5. 

We have clarified that the kochl mnnl mutant cells produce 
predominantly the ManeGicNAc 2 core oligosaccharide due to 
the lack of a-l,3-mannosyltransferase activity, although about 
10% of the oligosaccharide was observed at the elution time 
corresponding to the M9 PA oligosaccharide on size-fraction- 
ation HPLC (Fig, 2B), This fraction consisted mainly of two 
isomers, From the results of reverse-phase HPLC and o>l, 
2-mannosidase digestion (data not shown), one appears identi- 
cal with the Man 9 GlcNAc 2 -PA from Aochl invertase and the 
other is estimated as the M9 structure in which one hexose is 
attached to the mannose at position 11 of compound A in Fig. 5. 
The former isomer suggests some residual o>l,3-mannosyl- 
transferase activity in Aockl mnnl mutant cells owing to a 
leaky phenotype of the mnnl mutation. This may be resolved 
by oligosaccharide analysis of AocAl A mnnl double disruptant. 
The latter isomer was shifted from M9 position to MB position 
after a-l,2-mannosidase digestion. It is possible that the 


GkiManeCrlcNAc 2 -PA was formed as the M9 structure due to 
either the escape from glucosidase trimming or the reglucosyla- 
tion of glucose-free core oligosaccharide, but further structure 
analysis was not performed. Regardless, we believe that the 
hochl mnnl strain is a novel host cell in which to produce a 
glycoprotein containing an ER-form oligosaccharide that is 
identical to the mammalian high mannose type oligosaccharide 
and that can function as a precursor to form a complex type 
sugar chain in mammalian cells by using recombinant DNA 
technology. 

The bochl mnnl alg3 cells accumulated both the 
Man 8 GlcNAc 2 -PA ER-form core oligosaccharide (Fig. 3A) and 
Man & GlcNAc 2 -PA oligosaccharide (Fig. 4A). The alg3 mutant is 
known to accumulate lipid-linked Man 6 GlcNAc 2 before trans- 
fer to the Asn residue of protein (8» 34). It is likely that the 
Man 6 GicNAc 2 -PA» which lacks both the Man~a-l,2-Man-o>l,6- 
linked mannobiose and the Man-ct-l,3-linked mannose of com- 
pound A in Fig. 5, was caused by transfer to proteins of the 
incomplete lipid linked Man 6 GlcNAc 2 , The formation of 
Man 8 GlcNAc 2 is assumed to be caused by a leaky phenotype of 
the alg3 mutation, as reported for the oligosaccharide structure 
from alg3 seclS invertase (28). The molar ratio of MangGIcNAc*. 
to Man 8 GlcNAc 2 was 1:1.4 in kochl mnnl alg3 mutant, 
whereas it was 5:1 in atg3 seclS mutant. This may reflect the 
different growth conditions, because bochl mnnl alg3 manno- 
protein was obtained from cells cultivated at 28 °C, whereas 
invertase from alg3 seclS cells was obtained by a 3-h de-repres- 
sion at 37 °C after cultivation at the permissive temperature 
due to the ts phenotype of the sec 18 mutant (28). This suggests 
that the accumulation of the incomplete precursor of N-linked 
oligosaccharides may be temperature-dependent in the alg3 
mutant, although the alg3 mutant itself is not ts for cell growth 
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(8). The formation of mannose outer chain in the alg3 mutant 
(Fig. 1, lane 4) was diminished in kochl mnnl alg3 cells (Fig. 

1, lane 6\ which suggests that the OCH1 protein is functional 
in the initiation of outer chain elongation of Man 5 GlcNAc 2 as 
well as Man 8 GlcNAc 2 . The in vitro experiment supports this 
assumption by demonstrating that extracts from OCH1 pro- 
tein-overproducing cells have an activity to transfer mannose 
to Man e GlcNAc 2 -PA to form Man^GlcNAc^-PA. 2 In conclusion, 
our results suggest that the OCH1 gene encodes an a-l>6-man- 
nosyltransferase that is functional in the initiation of a~l,6- 
poiymannose outer chain addition to the AMinked core oligo- 
saccharide (Man 5 GlcNAc 2 and MangGlcNAc^ in yeast. Further 
studies on the substrate specificity and kinetic properties of 
OCH1 protein are in progress. 
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